Abstract: Sustainable hydropower development is the basic for the economic development of Nepal. The current generating capacity of hydropower projects in Nepal is about 600 MW. Despite adequate availability of surface water, several water resources projects have not been yielding expected output primarily due to sedimentation problems, which were underestimated at design stage in most of the cases. Sediment production in Nepalese watersheds has generally been acknowledged to be the highest in the world and little reliable data of actual sediment production is available.
INTRODUCTION
Nepal is one of the Himalayan countries with a high hydropower potential. The water resources of Nepal are regarded as one of the principal opportunities for future economic development of the country. As mentioned in the country report in the first International Summit on "Sustainable use of water for energy", some 225 billion m3 of surface water flows thorough Nepalese territory annually (WWC and IHA, 2003) . This gives a specific runoff of about 0.12 million m3/km2/year, being about four times the world average.
Nepal has more than 6,000 rivers and rivulets with a total length of about 45,000 km. All the rivers from Nepal drain to the Ganges River in India through several river systems (see Figure 1 .1). The major rivers of Nepal are shown in Figure 1 .1. Koshi, Gandaki, and the Karnali are the major river systems in Nepal. These three rivers drain about 78% of mountains part and about 70% of the Nepalese territory (Bhusal, 2005) .
Depending on the origin, Nepalese rivers are broadly classified as first grade, second grade and third grade. The rivers within origin from glacier on ice caped mountains above the snow line are first Grade Rivers, characterized by a perennial flow regime. Koshi, Gandaki and Karnali fall into this category. The rivers with origin from the Mahabharat range are classified as second Grade Rivers. Mahabharat range falls below the snow line at about 5,000 masl (Bhusal, 2005) , and while these rivers are also perennial, the variation of discharge between the dry and wet season is significantly different. The Mahakali, Babai, West Rapti, Tinau, East Rapti, Bagmati, Kamala, and Mechi are major rivers in this category (see Figure 2 .1). The rivers with origin from the Siwaliks hills and below that region are classified as third Grade River. The Banganga, Manusmara, Hardinath are some of the rivers in this category. During dry season almost no flow is available for these rivers, however during monsoon season these rivers and streams are vulnerable to disasters.
Of the total capacity, the storage type of projects constitutes about 49% and the remaining 51% are run-of-river (RoR) projects. The current generating capacity of hydropower projects in Nepal is about 600 MW. Only about 20% of the population has access to electricity, of which only 5% of the rural population (WWC and IHA, 2003). However, Pandey (2003) reported that 40% of Nepali households have access to electricity Most of the developed hydropower projects in Nepal are RoR type. Because of the seasonal variation of the river flow, there is excess power supply during the monsoon season (July-September) and shortage in the dry season. The only storage project Kulekhani is not able to fulfil power demand of the country during dry season. As a result, the country is facing load shading every year in all season.
Sedimentation is one of the major challenges for hydropower development in Nepal. This is because the sediment load in the Nepalese rivers is among the highest in the World. In contrast with some of the larger sediment producing watersheds in the world, the Karnali watershed of Nepal (see Table 1 .1) produces more sediment per square kilometer than most others rivers (Galay et al., 2003) . The main reason for the high sediment yield is that the mountains have been uplifted
Hydropower development and its sustainability with respect to sedimentation in Nepal 3 rapidly and the rocks have fractured and weathered more than most geologic zones in other mountains together with concentration of high precipitation. The biggest river in Nepal is the Koshi. It is the third largest river with origin in the Himalayan Range. 85% of the runoff occurs during June to September and 98% of annual sediment load occurs at this time (Mahmood, 1987) . Data from the flow gauge reading as well as sediment sampling at Barahkshtra, Chatara of Koshi River showed the average annual sediment yield is 2,800 tonnes/km2/year (Mahmood, 1987; White, 2001 ). 
HYDROPOWER DEVELOPMENT AND CHALLENGES

Historical background
Opportunities and challenges
So far only about 1.5% economically feasible hydropower potential is developed; Nepal Nepal's own resources can not meet the financial investment needed for the large scale hydropower development. Today, it is not easy to obtain assistance from the international financial institutions for the hydropower development. A major reason for this is environmental and social impacts linked to the development of hydropower projects. Often environmental issues are misrepresented and this delays, or in some cases stops, the development of hydropower project. The World Bank had withdrawn from the Arun III Project in 1995 in Nepal (WCD, 2000) . Together with environmental and social impacts of this project and the government instability might be the reason behind it.
It is also possible to get financial assistance from private developers and investors. However, financial institutions as well as private developers are still not coming forward to fund hydro projects in view of longer pay back period. Long construction phase and high upfront cost does not go well with financial institutions and private developers which in turn look for more spread interest as well stipulations in other terms and conditions.
On the other hand to attract serious and sound private investors, the projects must have reliable hydrological and sedimentological data available. In the international workshop on "Sediment Management of Successful Hydropower Development" which was held in September 2001 in Kathmandu, Professor Haakon Stole (2001) stated that it will be almost impossible to obtain international finance for seasonal water storage schemes, without having reliable and good sediment data. He further added that private developers will not collect sediment data for 10 to 15 years before they actually know whether they have an attractive project or not. It is risky for any investors to finance in the hydropower projects with deficit and unreliable data (Støle, 2001 ).
Hence, to get financial assistance from international financial institutions or private investors for any future planned projects, reliable hydrological and sedimentological data with precise environmental and social impact mitigation plans should be made available. However, neither long term reliable sedimentological data are presently available, nor the concern authorities and organizations are focusing seriously on these issues mostly, because of financial constraints. Despite adequate availability of surface water and hence, the opportunity of development of hydropower in the country, sedimentation has been providing major challenge for sustainable hydropower development.
SEDIMENT STUDIES AND RESEARCH
General
The measurement of suspended sediment load began with the beginning of hydrometry in Nepal; however, the sediment data collection system did not receive the same priority as the other hydrometric measurements (Sharma, 2001 
Sediment studies at RoR projects
RoR hydropower projects play a vital role in the national electricity power system in Nepal. RoR projects contribute more than 80% of the total hydropower production in Nepal and the biggest hydropower project, Kali Gandaki-A (144 MW) in Nepal is a RoR type. Based on author's report (Sangroula, 2005) very little information on sedimentation was available for any RoR projects prior to their planning in Nepal. The available information on sediments was also not holistic and the projects were designed based on the general knowledge about the sediment pattern in the Himalayan Region. As a result, most of the RoR projects in Nepal faced severe sediment induced problem right after their commission.
A sediment Monitoring Unit (SMU) was established in the MHP project to collect samples and analyze the data right after the project commissioned in 1989, although, sediment data were also collected during project formulation. This is the advanced sediment laboratory in any hydropower project in Nepal, owned by the NEA. The traditional type of data collection and analyses are used in this project. The studies include concentration analyses, sand break analyses particle size distribution (Kayastha, 1999) . Sediment samples from other hydropower plants are also being analyzed in this monitoring unit. respectively. Together with conventional sediment studies, advanced sediment research has been under taken in these projects.
Sediment studies at storage projects
The 90 MW Kulekhani Hydropower Project which was commissioned in 1982 is located in the Middle Mountain zone of Nepal. So far, this is the only project offering seasonal water storage in Nepal and the project plays a vital role in the national electric power system in the country. This project has lost more than 25% of its capacity in a little over 20 years. Inasmuch as this is the only project offering seasonal water storage in Nepal, such a loss of capacity is a matter of serious concern to Nepal. An attempt has been made to study the sedimentation in the reservoir and also work out strategies by which the sustainability of the reservoir is ensured. . This is the monsoon time in Nepal and the major parts of the flow as well as sediment load are expected to be transported by rivers during this time. The velocity measurements were carried out by using a SEBA-Universal current meter. Velocity was measured using the sixthtenths-depth method. Unfortunately flood discharges were not measured because of the safety and logistic problems. Therefore no direct measurements are available for the high flood stages. High discharges are calculated by the slope-area method (Dingman, 2002) . Reservoir surveys were carried out by the author using improved technology for recording and processing of bathymetric data in November of 2003 and 2004. This is the contour method of surveying and it is applied for the first time in Kulekhani Reservoir. An automated data collection system consists of a field computer with GEODOS software, a Global Positioning System (GPS), and an echo-sounder. In order to minimize errors and to obtain higher accuracies a Differential Global Positioning System (DGPS) technique is adopted for positioning for the Kulekhani Reservoir survey. The GARMIN GPS35 with GPS L1 antenna was mounted on the tripod at a point with known coordinates (Northing, Easting and Elevation). The rover was fixed at 2 m high wooden pole mounted on the side of the boat (see Figure 3. 2). 
CONCLUSIONS
Hydropower development is one of the most prominent resources for future economic development of Nepal.
Most of the developed projects have not been yielding expected output primarily due to underestimation of sedimentation problems. RoR types of hydropower projects are not able to meet the demand of power for the country especially during dry season of the year. So, there is a need for development of more storage projects in near future. NEA is studying the possibilities of development of storage projects. However, it is necessary to understand that sustainability of storage projects depends on proper handling and the management of sediments.
Data on sediment loads in many Nepalese rivers is inadequate and those available data are also for a short duration. On the other hand, natural disaster is very frequent in the Nepalese Himalaya, which creates tremendous amount of sediment load. Land slide and mass wasting are very common in Nepal during monsoon season. Every year many people are killed due to floods and land
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